The unusual metabolic properties of aerobic, restrictive, thermotolerant methylotrophic bacteria make them useful for the production of recombinant proteins, vitamins, amino acids, coenzymes, and cytochromes (12). Bacillus methanolicus MGA3 (ATCC 53907) is a gram-positive bacterium with a growth optimum of 50°C to 53°C. Cell extracts of this bacterium grown on methanol contain an NAD-dependent methanol dehydrogenase (3, 13), have 3-hexulose-6-phosphate synthase, fructose bisphosphate aldolase, and transaldolase activity indicative of the fructose bisphosphate aldolase/ transaldolase variant of the ribulose monophosphate pathway, RuMP (4, 14, 44). The precursors (acetyl-coenzyme A, pyruvate, oxaloacetate, and 2-oxoglutarate) for lipids, amino acids, nucleic acids, and assimilation of ammonia are all synthesized from the products of the RuMP pathway (2). The dissimilation of carbon from formaldehyde to CO 2 in B. methanolicus, which may function to detoxify accumulating formaldehyde, has recently been confirmed by 13 C nuclear magnetic resonance and isotope ratio mass spectrometry (39). The theoretical yield of secreted amino acids varies depending on the percentage of formaldehyde carbon dissimilated to CO 2 (39), and therefore control of the feeding of methanol to fed-batch cultures is critical (29).
The unusual metabolic properties of aerobic, restrictive, thermotolerant methylotrophic bacteria make them useful for the production of recombinant proteins, vitamins, amino acids, coenzymes, and cytochromes (12) . Bacillus methanolicus MGA3 (ATCC 53907) is a gram-positive bacterium with a growth optimum of 50°C to 53°C. Cell extracts of this bacterium grown on methanol contain an NAD-dependent methanol dehydrogenase (3, 13) , have 3-hexulose-6-phosphate synthase, fructose bisphosphate aldolase, and transaldolase activity indicative of the fructose bisphosphate aldolase/ transaldolase variant of the ribulose monophosphate pathway, RuMP (4, 14, 44) . The precursors (acetyl-coenzyme A, pyruvate, oxaloacetate, and 2-oxoglutarate) for lipids, amino acids, nucleic acids, and assimilation of ammonia are all synthesized from the products of the RuMP pathway (2) . The dissimilation of carbon from formaldehyde to CO 2 in B. methanolicus, which may function to detoxify accumulating formaldehyde, has recently been confirmed by 13 C nuclear magnetic resonance and isotope ratio mass spectrometry (39) . The theoretical yield of secreted amino acids varies depending on the percentage of formaldehyde carbon dissimilated to CO 2 (39) , and therefore control of the feeding of methanol to fed-batch cultures is critical (29) .
Homoserine dehydrogenase mutants (HSD Ϫ ) of B. methanolicus, which are threonine plus methionine auxotrophs, have been shown to secrete substantial quantities of L-lysine when grown at 50°C in fed-batch cultures on methanol as a sole carbon source and supplied with a source of ammonia (18, 29, 44) . B. methanolicus HSD Ϫ strain 13A52-8A66 can secrete over 60 g of L-lysine plus glutamate (glutamate) per liter, with a mass yield of 0.50 to 0.63 g/g. However, no mutants that secrete only L-lysine have been found with this approach; all simultaneously secrete significant quantities of glutamate and smaller amounts of alanine.
Limited knowledge exists for most aerobic methylotrophs of the genetic basis of the regulation of pyruvate metabolism, the activity of tricarboxylic acid (TCA) cycle enzymes during rapid growth on methanol (7, 13, 54) , and particularly regulation of the flow of carbon to amino acid biosynthesis (20, (31) (32) (33) 46 ). To accomplish high-level L-lysine production, the percentage of carbon dissimilated to CO 2 must be minimized to generate an abundant supply of aspartate (37) . In Bacillus subtilis, aspartate is synthesized from oxaloacetate by aspartate aminotransferase (glutamate:oxaloacetate transaminase) encoded by aspB, which appears to be constitutively expressed (5) .
The simultaneous production of glutamate and L-lysine in B. methanolicus mutants indicates a substantial flow of carbon both to aspartate and into the first three reactions of the TCA cycle catalyzed by citrate synthase (CS), aconitase, and isocitrate dehydrogenase (Fig. 1) . Since many methylotrophs generate reducing power by the oxidation of formaldehyde to CO 2 , catalyzed by an NAD(P)-dependent formaldehyde dehydrogenase and formate dehydrogenase, the TCA cycle in B. methanolicus is mainly used for supply of intermediates such as glutamate, which is the source of many cellular compounds and assimilation of ammonia (5, 13, 14, 49) . Only the first three enzymes in the TCA cycle are needed for 2-oxoglutarate biosynthesis, which is transaminated to glutamate, catalyzed by glutamate synthase. The level of 2-oxoglutarate is regulated by the activity of isocitrate dehydrogenase and 2-oxoglutarate dehydrogenase. Glutamate synthase expression is high when B. subtilis is grown in the presence of ammonia, and intracellular levels of glutamate can reach 100 mM (49) .
The reactions that convert pyruvate to oxaloacetate and condensation of acetyl-coenzyme A to citrate may then be uniquely regulated in L-lysine-secreting HSD Ϫ strains of B. methanolicus because 2-oxoglutarate levels are critical for both carbon and nitrogen metabolism during growth on methanol. B. subtilis contains a pyruvate carboxylase (PC), encoded by pycA, to convert pyruvate to oxaloacetate, and lacks phosphoenolpyruvate carboxylase activity (50) . By understanding the regulation of PC and CS activity in vivo, it should therefore be possible to increase the flow of carbon to oxaloacetate (and aspartate) by altering or deregulating either PC or CS activity or both activities.
The gene encoding PC activity has not been cloned from any thermotolerant low-GϩC gram-positive bacterium. In Corynebacterium glutamicum, there is a single CS gene, and knocking out this gene results in glutamate auxotrophy (16) . However, in Bacillus subtilis, two distinct CS genes have been found (citA and citZ, encoding CSI and CSII, respectively) that may catalyze the same reaction under different metabolic conditions (22, 23) . CSII is the major form contributing to more than 90% of all CS activity in this organism (22, 24) , and CS activity is regulated by the intracellular concentration of 2-oxoglutarate (50).
Here we describe the fed-batch reactor cultivation of B. methanolicus MGA3 (ATCC 53907) resulting in the secretion of 55 g of glutamate per liter from methanol at 50°C. Comparison of enzyme and metabolite levels involved in the flow of carbon leading to the secretion of glutamate or L-lysine of this strain and an L-lysine-overproducing mutant (13A52-8A66) indicated that CS activity may have a key role in determining the ratio of these two secreted amino acids. The citY gene, encoding a CSII protein, was cloned from the mutant strain, and a citY-deficient mutant, NCS-L-7, was isolated and characterized. These strains were used to investigate the effects of altering the in vivo CS activity on the ratio of L-lysine and glutamate produced in B. methanolicus from methanol in fedbatch cultures at 50°C.
(Portions of this work were performed by Christine Kaufmann to fulfill the requirements for a Diplomarbeit, Technische Fachhochschule Berlin, D-13347 Berlin, Germany.)
MATERIALS AND METHODS
Bacterial strains and plasmids and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . Escherichia coli cells were grown at 37°C in Luria-Bertani and M9 media (43) supplemented with the appropriate antibiotics (ampicillin, 100 g/ml; chloramphenicol, 150 g/ml). B. methanolicus strains were grown at 50°C in a minimal vitamin medium (MVcM) containing L-methionine (1.5 mM), L-threonine (1.0 mM), MgSO 4 ⅐ 7H 2 O (1 mM), methanol (150 mM), high-salt buffer, complete vitamins, and a concentrated solution of trace metals as described by Schendel et al. (44) . MVcMY is MVcM medium supplemented with 0.025% yeast extract (Difco, Detroit, Mich.). Glutamate was added when appropriate to a final concentration of 1 g per liter. Solid media were made by adding 1.5% agar (Difco, Detroit, Mich.).
For the time course CS activity experiments, overnight cultures were diluted 5% in 400 ml of warmed MVcMY (shake flasks) medium. For all other enzyme activity experiments, the cells were grown in 20 ml of MVcMY medium overnight. Cell growth was monitored by measuring optical density at 500 nm (OD 500 ) with a Lambda 40 UV/Vis spectrophotometer (Perkin Elmer, Norwalk, Conn.), and cell dry weight values were obtained by dividing OD 500 values by the factor 3.2.
Sources of strains and DNA. Sequencing of 16S rRNA genes from B. methanolicus strain PB1 (ATCC 51357) and two wild-type B. methanolicus strains isolated in our laboratory, MGA3 (ATCC 53907) and NOA2, was performed by MIDI Labs (Newark, Del.). The full-length sequences (data not shown) were compared with databases from MIDI Labs, GenBank, and the Ribosomal Database Project, and species identity was analyzed through a comparison of strain sequences. The calculated percent genetic distance between strains MGA3 and NOA2 was found to be 0.03%, and they were found to be closely related to PB1 (calculated values of 0.88% and 0.84%, respectively). Differences of less than 1% are indicative of a species-level match (51) , supporting that they are all of the same species. The closest related Bacillus species was B. niacini, whose 16S rRNA sequence differed from that of PB1, MGA, and NOA2 by 4.10%, 3.87%, and 3.90%, respectively. Because of previous genetic manipulation work on strain NOA2 (9) , its near identity with MGA3, as well as being the parent of the L-lysine-plus glutamate-secreting strain 13A52-8A66, DNA from NOA2 was isolated for subsequent cloning of CS-encoding genes.
DNA manipulations. Plasmid preparations, endonuclease digestions, ligations, transformation, and PCR were performed according to Sambrook et al. (43) . Electroporation of E. coli K2-1-4 was performed with a Gene Pulser apparatus (Bio-Rad Laboratories, Richmond, Calif.) as described previously (46 ). Cells were lysed by adding lysozyme (15 mg/ml) and incubation at 37°C for 1 h and otherwise in accordance with the manufacturer's instructions. DNA sequencing was performed by the Advanced Genetic Analysis Center (University of Minnesota), and the data were analyzed with the GCG software (11) . Preparation of crude extracts and measurement of enzyme activities. All operations were performed at 4°C. E. coli extracts were prepared as described previously (46) . Crude extracts of B. methanolicus MGA3 and 13A52-8A66 for measurements of glutamate:oxaloacetate transaminase, PC, phosphoenolpyruvate carboxylase, pyruvate dehydrogenase, 2-oxoglutarate dehydrogenase, and CS activities were prepared as follows: 20-ml overnight cultures were harvested by centrifugation (9,000 ϫ g, 10 min), and pellets were washed twice in 20 ml of potassium phosphate buffer (20 mM, pH 7.0) and resuspended in 20 ml of the same buffer. Lysozyme (0.1 mg/ml) was added to the suspension and incubated for 15 min at 37°C, and the cells were disrupted by two passes through a French pressure cell (Hiratio, catalog no. 4-3398; SLM Aminco Instruments, Urbana, Ill.) at 638 lb/in 2 . Cell debris was removed by centrifugation (27,000 ϫ g, 20 min), and solid ammonium sulfate was added to the supernatant to 65% saturation. The precipitate was collected by centrifugation (27,000 ϫ g, 20 min), resuspended in 20 ml of potassium phosphate buffer (20 mM, pH 7.0), and dialyzed three times against 200 ml of potassium phosphate buffer for 5 to 11 h.
The dialyzed material was collected and used as a crude extract for enzyme activity and total cell protein analysis. Crude extracts of B. methanolicus NOA2 and NCS-L-7 for time course CS measurements were prepared as follows: 10 ml of cells was harvested by centrifugation (3,200 ϫ g, 15 min), pellets were washed twice in 10 ml of lysis buffer (10 mM Tris-HCl, 1 mM EDTA, 1 mM citrate, 100 mM KCl, adjusted to pH 7.5), resuspended in 1.5 ml of lysis buffer supplemented with lysozyme (1 mg/ml), RNase (0.2 mg/ml), and DNase (0.2 mg/ml), and incubated at 37°C for 30 min. Suspensions were sonicated for 3 min (output control 4, 50% pulses) with a sonicator (Bronwell Scientific, Rochester, N.Y.). After sonication, cell debris was removed by centrifugation (12,000 ϫ g, 15 min), and the supernatants were collected as crude cell extracts for enzyme activity and total cell protein analysis.
All spectroscopic assays were performed at 50°C (unless otherwise stated) with a Perkin Elmer Lambda UV/Vis recording spectrophotometer (Perkin Elmer, Norwalk, Conn.), and all assays were run in replicate. CS activity was assayed in the direction oxaloacetate to citrate at 412 nm by monitoring the formation of mercaptide ions produced from cleavage of 5,5-dithiobios-(2-nitrobenzoic acid) by acetyl-coenzyme A as described previously (45) . 2-Oxoglutarate dehydrogenase activity was assayed with 2-oxoglutarate as the substrate by a coupled assay as described by Reed and Mukherjee (40) . PC activity was assayed by measurement of oxaloacetate production with excess malate dehydrogenase and NADH by monitoring the decrease in absorbance at 340 nm due to the formation of NAD ϩ (48). Pyruvate dehydrogenase activity was assayed with pyruvate as the substrate in a coupled assay as described by Mukherjee et al. (34) . Phosphoenolpyruvate carboxylase activity was assayed similar to PC, following the method of Canovas and Kornberg (6) . Finally, glutamate:oxaloacetate transaminase was assayed in a coupled assay by measurement of oxaloacetate production with excess malate dehydrogenase and NADH, by monitoring the decrease in absorbance at 340 nm due to the formation of NAD ϩ (55). Protein assays were calibrated with bovine serum albumin (Pierce Chemical, Rockford, Ill.; assay no. 23223).
Preparation of cell extracts and measurement of intracellular metabolite concentrations. B. methanolicus MGA3 and mutant 13A52-8A66 were grown in 100 ml of MVcMY medium in 1-liter shake flasks at 50°C until stationary phase. Cells were harvested by centrifugation (9,000 ϫ g, 10 min) at 4°C, washed in 100 ml of potassium phosphate buffer (20 mM, pH 7.0), and resuspended in the same buffer to an OD 500 of 20. The suspensions were boiled (15 min) and centrifuged (12,000 ϫ g, 10 min), and the supernatants were assayed for internal metabolite concentrations.
The amino acids L-lysine, glutamate, and aspartate were assayed by highpressure liquid chromatography as described below. Pyruvate, oxaloacetate, and 2-oxoglutarate were assayed spectrophotometrically at room temperature with a Perkin Elmer Lambda 3B recording spectrophotometer (Perkin Elmer, Norwalk, Conn.). The buffer used in all cases was 20 mM Tris-EDTA (pH 8). Pyruvate was assayed by the lactate dehydrogenase enzyme assay, where the decrease in NADH concentration, measured by the change in absorbance at 340 nm, is proportional to the amount of pyruvate reduced. Oxaloacetate and 2-oxoglutarate were assayed as described for pyruvate except that malate dehydrogenase and glutamate dehydrogenase were added instead of lactate dehydrogenase for oxaloacetate and 2-oxoglutarate, respectively.
The concentrations of the metabolites were calculated for the supernatants obtained after boiling the resuspended cells, assuming that boiling the cells released all the intercellular metabolites. For calculation of the substrate concentrations inside the cells, the cell volume in the cell samples was estimated. Assuming that cells are cylinders with a volume (V) of r 2 ϫ the length (l) and that r ϭ 0.45 m and l ϭ 3.5 m (44), the volume of one cell was calculated to be 2.2 ϫ 10 Ϫ12 ml. With an OD 500 value of 1 representing 10 8 cells, the total cell volume in a sample equals the number of cells in the sample (OD 500 of sample ϫ 10 8 ϫ sample size) times the volume of one cell. The intracellular substrate concentrations were calculated for each sample by multiplication of the concentration in the supernatant with the sample volume divided by the total cell volume in the sample.
Fed-batch bioreactor experiments. B. methanolicus strains were grown in 14-liter fermentors (BioLafette & Moritz, Mauze, France) in fed-batch MVcMY medium with the following fermentation parameters: antifoam, Mazu DF204; temperature, 50°C; pH 6.8 (maintained through addition of 30% NH 4 OH); agitation, 600 rpm; dissolved oxygen control level, 30%; methanol control level, 100 mM; airflow, 1 vvm (volume of air per volume of medium per minute); and vessel pressure, 4 lb/in 2 . Glutamate was fed at 6 mM when appropriate. The methanol concentration was measured in uncondensed off gas with a model MC-168 methanol concentration monitor and controller (PTI Instruments, Kathleen, Ga.) and controlled at 100 mM. A neat methanol-trace metal solution was added under liquid level in order to maintain 100 mM methanol in the vessel. When appropriate, 150 mM DL-methionine was added at 25% the rate of methanol-trace metals on methanol demand.
Amino acid analysis. Samples taken from the reactors at various time points were centrifuged (12,000 ϫ g, 10 min), and supernatants were analyzed for amino acid contents by reverse column high-pressure liquid chromatography (Alltech Associates, Deerfield, Ill; Absorbosphere HS-OPA 5U column). Samples were derivatized with o-phthaldialdehyde reagent prior to injection with an auto sampler (WISP-710B; Millipore Waters Chromatography Division, Milford, Mass.). An automated gradient controller was used to deliver methanol and 50 mM sodium acetate (pH 5.7). Amino acids were detected with a fluorescent detector (model 420-AC; Millipore Waters Chromatography Division, Milford, Mass.), and peaks were integrated as described previously (44). Cloning the citrate synthase gene, citY, from B. methanolicus 13A52-8A66. A gene library of B. methanolicus 13A52-8A66 was constructed by partial Sau3A1 digestion of its chromosomal DNA. A sucrose density gradient was used to fractionate the digested material, and fragments in the size range from 3 to 5 kbp were isolated and ligated into pUC19cm previously digested with BamHI and treated with alkaline phosphatase. The ligation mixture was transformed into E. coli DH5␣ by electroporation, and recombinant cells were selected on LuriaBertani plates supplemented with chloramphenicol. The DNA library in plasmid pUC19cm was collected and electroporated into E. coli K2-1-4 (CS deficient), and cells were plated on M9 minimal medium plates. Citrate synthase-positive colonies were identified by the ability to grow on M9 minimal medium lacking glutamate.
Mutagenesis of B. methanolicus and selection of mutants with low CS activity. B. methanolicus NOA2 was grown to mid-log phase in 10 ml of MVcMY broth, 0.5 ml of N-methyl-NЈ-nitro-N-nitrosoguanidine (0.8 mg per liter) was added to the culture and incubated at 50°C with aeration (200 rpm) for 20 min. Cells were centrifuged at 4,000 ϫ g for 5 min, the cell pellets were washed and resuspended in 10 ml of warm (50°C) MVcMY broth, and 0.1 ml of resuspended cells are mixed with 2.5 ml of MVcM plus 10 mM glutamate top agar (0.6%) and spread onto MVcM plus 10 mM glutamate plates. After hardening, a paper disk saturated with monofluoroacetate (a sterile 6-mm paper disk dipped into 20 ml of 5 M monofluoroacetate; Schleicher & Schuell, Keene, N.H.) was applied to the lawn, and the plates were incubated at 50°C for 3 to 4 days. Thirty colonies growing near the disk were subcultured onto MVcM agar with and without 10 mM glutamate, and three colonies demonstrating the greatest disparity of growth were selected for CS activity measurements.
PCR-assisted cloning and sequencing of NCS-L-7 citY gene. PCR primers were designed for both the 5Ј-terminal (two alternative primers, CS-F1 [5Ј-TTTTGA ATTCATGACAGTTACACGTGG-3Ј, sense] and CS-F2 [5Ј-TTTTCATATGA CAGTTACACGTGG-3Ј, sense]), and the 3Ј-terminal (CS-R1, 5Ј-TTTTCTGC AGTTATCCTCTTTGCTCAATTGG-3Ј, antisense) ends of the citY structural gene. Underlined in CS-F1 and CS-R1 are EcoRI and PstI restriction sites, respectively, for cloning. With primers CS-F1 and CS-R1, a fragment of the expected size was amplified from NCS-L-7 total DNA by PCR. The fragment was digested with EcoRI and PstI and ligated into the corresponding sites of pUC18, resulting in plasmid pTBCS-L7. This plasmid was subjected to DNA sequencing. As a control, a fragment of similar size was amplified with the primer pair CS-F2 and CS-R1, and this PCR fragment was purified and used for DNA sequencing.
Nucleotide sequence accession number. The sequence of the structural citY gene has been deposited in GenBank under accession number AF424980.
RESULTS
Amino acid secretion by B. methanolicus MGA3 in 14-liter fed-batch bioreactors with methanol feeding. To fully explore the ability of B. methanolicus MGA3 for glutamate secretion, we performed fed-batch bioreactor experiments. MGA3 cells were grown in a 14-liter fermentor in MVcMY medium under controlled conditions with methanol feeding, and samples were collected at various time points for analysis of secreted amino acids. L-Lysine was not detected in the medium. Glutamate secretion was, and it increased throughout the growth phase, reaching a maximum of 55 g per liter in the stationary phase. The carbon conversion (glutamate/methanol) was 0.36 g/g, and the average productivity was 2.78 g of glutamate liter Ϫ1 h Ϫ1 . The maximum productivity was estimated to be 4.03 g of glutamate liter Ϫ1 h Ϫ1 . Comparison of specific enzyme activities and intracellular metabolite levels in B. methanolicus MGA3 and mutant 13A52-8A66. In order to understand the enzymes involved in the flow of carbon from pyruvate to aspartate, the specific activities of CS, phosphoenolpyruvate carboxylase, PC, glutamate:oxaloacetate transaminase, 2-oxoglutarate dehydrogenase, and pyruvate dehydrogenase were measured in crude extracts prepared from B. methanolicus wild-type MGA3 and mutant 13A52-8A66 (Table 2) . No phosphoenolpyruvate carboxylase activity was detected. The very low 2-oxoglutarate dehydrogenase activities observed were in agreement with previous reports indicating that the TCA cycle is not important for energy generation in methylotrophic bacteria (13, 14, 49 ). Also, the higher level of PC activity in the L-lysine-secreting mutant strain 13A52-8A66, particularly compared to pyruvate dehydrogenase activity in both strains, indicates that the dominant route for pyruvate is conversion to oxaloacetate. Interestingly, glutamate:oxaloacetate transaminase activity was reduced in strain 13A52-8A66, and the CS activity levels of the two strains correlate with the high glutamate production observed in both strains.
We then proceeded to compare the internal concentrations of pyruvate, oxaloacetate, aspartate, 2-oxoglutarate, glutamate, and L-lysine in these two strains ( Table 3 ). The concentrations of pyruvate, 2-oxoglutarate, and glutamate in the wild-type strain were similar to the corresponding values obtained in B. subtilis (15, 21, 47) , whereas the oxaloacetate level was more than 600-fold higher. Both the L-lysine and glutamate levels in the mutant strain were substantially higher (29-and 6-fold, a Cells were grown in MVcMY medium in 1-liter baffled shake flasks at 50°C until stationary phase, and crude extracts were prepared and measured for metabolite concentrations as described in the text.
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respectively), whereas the pyruvate, 2-oxoglutarate, and aspartate levels were somewhat lower compared to the wild type. These results are in agreement with the enzyme activity data showing that both the PC and CS levels are higher in the former strain. Moreover, these results indicate that a substantial portion of RuMP-derived carbon enters the TCA cycle via CS in the mutant strain (see Fig. 1 ).
Cloning of a gene, citY, encoding citrate synthase II from B. methanolicus 13A52-8A66. The L-lysine-plus glutamate-overproducing B. methanolicus mutant 13A52-8A66 was previously generated by multiple rounds of mutagenesis and selection (18, 29) . This strain was chosen for making a B. methanolicus chromosomal gene library. The library was transformed to the CS-deficient E. coli K2-1-4 (see Table 1 ), and three clones that could complement CS deficiency in this strain were identified. Restriction analysis of the recombinant plasmids showed that they were similar (data not shown), and one of the plasmids, designated clone 11, was chosen for further characterization. CS assays in crude extracts of recombinant E. coli cells harboring clone 11 showed that a protein with CS activity was expressed from the recombinant plasmid. The activity level was higher (100 mU/mg of protein) when assayed at 50°C than at 37°C (76 mU/mg of protein). The 4.1-kbp insert of clone 11 was sequenced, and one large open reading frame of 1,119 bp was identified. A putative E. coli-like promoter sequence (Ϫ35 region) and a putative Shine-Dalgarno consensus sequence (AAGGAG) were located upstream of the start codon (ATG) of the open reading frame. The identified gene was designated citY, and computer analysis of the deduced 373-amino-acid sequence of the citY gene product showed that it had 77.8% identity with the B. subtilis CSII protein (24) , indicating that citY encodes a CSII protein (see Fig. 4 ).
Generation of a CS-deficient B. methanolicus mutant, NCS-L-7. Assuming that B. methanolicus is similar to B. subtilis in possessing more than one CS gene, it was of interest to investigate the effects of knocking out the citY gene on growth and L-lysine/glutamate production. Because no efficient methods for specific homologous recombination have been developed for B. methanolicus, we used mutagenesis and selection. NOA2, the parental strain of 13A52-8A66, was subjected to N-methyl-NЈ-nitro-N-nitrosoguanidine mutagenesis, and selection of mutants with low CS activity was based on the ability to grow on glutamate-enriched plates in the presence of monofluoroacetate. This compound complexes with citrate produced by CS to make fluorocitrate, which is toxic for the cells. Mutants with no or low CS activity do not produce much fluorocitrate and therefore survive. Mutants were selected with this procedure, and CS activity measurements indicated that one of them, NCS-L-7, had approximately 90% reduced CS activity (data not shown) compared to the wild type.
In an attempt to map the mutations that caused the observed phenotype of NCS-L-7, the citY gene was amplified from its chromosome by PCR with primers CS-F1 and CS-R1 (see Materials and Methods). The 1.2-kb fragment obtained was cloned into pUC19, resulting in plasmid pTBCS-L7. Both strands of the insert were sequenced, and the results showed that the cloned fragment was identical to the previously obtained citY sequence with the exception of a frameshift mutation at bp 240 (T), which generated multiple translational stop codons. As a control to check whether the identified mutation could be caused as a result of an incorrect PCR amplification, the same procedure was used to amplify and sequence the citY gene from the parental (13A52-8A66) chromosome. In this case, no mutations were found. Finally, the citY gene was amplified from the NCS-L-7 chromosome with an alternative PCR primer pair (CS-F2 and CS-R1), and sequence analysis of this fragment identified the same frameshift mutation as described above. In conclusion, these experiments prove that NCS-L-7 is a citY-deficient mutant, supporting the assumption that citY encodes a CSII protein contributing to the major portion of CS activity in B. methanolicus, similar to what has been described in other Bacillus species (22, 52) . Also, these results indicate that the citY sequence of mutant 13A52-8A66 is identical to the wild-type citY sequence of B. methanolicus NOA2.
Physiological characterization of mutant NCS-L-7. In Bacillus spp., it is known that the CS genes are regulated at the transcriptional level according to the metabolic and physiological state of the cells (23, 26, 53) . The citZ gene is repressed during growth in rich medium containing a rapidly metabolized carbon source (e.g., glucose), glutamate, or glutamine. In the absence of such compounds, however, its expression is increased (23) . Upon growth of NCS-L-7 and NOA2 in MVcM medium without glutamate, the specific growth rate of the mutant strain was much lower (0.23 h Ϫ1 ) than that of the wild-type strain (0.53 h Ϫ1 ). These results demonstrate that B. methanolicus possesses several CS proteins, but the low residual CS activity in NCS-L-7 is insufficient to generate the glutamate levels necessary to maintain maximum cell growth.
In order to compare the CS activity levels of the two strains under conditions relevant for high-level L-lysine secretion, we grew the cells in MVcMY medium supplemented with glutamate (1 g per liter) . The CS activity of the mutant strain was between 10-fold (exponential phase) and 80-fold (stationary phase) reduced compared to that of the wild type (Fig. 2) . These results demonstrate that under presumably CS-repressive conditions, the wild type retained high CS activity relative to the mutant strain. Both strains displayed the highest CS activities during early exponential growth; however, the uncer- on September 7, 2017 by guest http://aem.asm.org/ tainties in these particular measurements are high due to low protein levels. Interestingly, the growth rates of NCS-L-7 and the wild-type strain were comparable (0.48 h Ϫ1 and 0.58 h Ϫ1 , respectively) under these conditions, indicating that the two strains may be similar in other respects. This suggests that it should be possible to grow any citY-deficient B. methanolicus mutant in the presence of glutamate, which should increase the amount of methanol-derived carbon from the RuMP directed towards aspartate.
Amino acid production by B. methanolicus NCS-L-7 in 14-liter fed-batch bioreactors with glutamate feeding. Based on the genetic and physiological characteristics of mutant NCS-L-7 (above), we decided to study the effect of the low CS activity in this strain on the secreted L-lysine/glutamate ratio in 14-liter fed-batch bioreactors. To obtain results relevant for high-level L-lysine secretion, cells were grown in MVcMY medium with an exogenous supply of glutamate for maintaining maximum growth rates (see above). Overnight inoculum cultures in MVcMY plus glutamate medium were diluted to 5% in the same medium in the bioreactors, and the fermentors were run with continuous methanol (100 mM), glutamate (1 g per liter), and methionine (150 mM) feeding. Samples were collected and centrifuged at 4,000 ϫ g for 15 min, and the supernatants were analyzed for amino acids. The results of these experiments are summarized in Fig. 3 .
Interestingly, both aspartate and L-lysine production in NCS-L-7 (Fig. 3A) and its wild-type NOA2 (Fig. 3B) were similar (between 0.30 and 0.79 g per liter). However, the secretion of glutamate was reduced approximately sevenfold in the former strain (1.7 versus 12 g per liter), leading to a 4.5-fold increase in the ratio of secreted L-lysine to glutamate in the mutant compared to its wild-type strain. As a control, NOA2 was analyzed in a similar experiment (Fig. 3C ) but without glutamate and methionine feeding. This experiment demonstrates that the feeding of these two amino acids did not affect L-lysine and aspartate production, whereas glutamate production was reduced by approximately 50%. It has been shown in B. subtilis that glutamate may depress CS activity, and this may be why that less glutamate is produced under these conditions in B. methanolicus. These results demonstrate that deregulating the CS activity may be an efficient way to diminish undesired production of glutamate in L-lysine-secreting B. methanolicus strains. However, in order to achieve higher Llysine production, deregulating the pathway of L-lysine biosynthesis and L-lysine transport out of the cell will presumably also be required.
DISCUSSION
The yield of 55 g of secreted glutamate per liter by Bacillus methanolicus MGA3 is the first report of high-level secretion of glutamate by a thermotolerant gram-positive methylotroph with the fructose bisphosphate aldolase/transaldolase variant of the RuMP pathway of carbon assimilation. The yield of 0.36 g/g is 86% of the theoretical maximum yield proposed by Ackerman and Babel (1), assuming that 1 mol of ATP is required to export this amino acid. Glutamate secretion to a level of 33 g per liter has previously been reported for the methylotroph Pseudomonas insueta, with a maximum yield of 0.17 g/g (35) . The influence of magnesium limitation on glutamate secretion by B. methanolicus as a function of dilution rate in chemostats at 50°C has been reported by Pluschkell (38) . Efficient glutamate secretion by B. methanolicus at elevated temperature is important because aerobic conversion of methanol, a reduced carbon source, to amino acids generates substantial heat, and only at temperatures at or above 50°C can the cooling requirements of large-volume bioreactors (Ͼ450 m 3 ) be satisfied with reasonable cooling water temperatures and flow rates (38) .
The B. methanolicus citY gene encodes a CSII protein which is active at 50°C and is 77.8% identical to the B. subtilis CSII. CS exists as a dimer in all gram-positive bacteria, eukaryotes, and archaea. In gram-negative bacteria, CS is a hexamer, with the exception of the minor dimeric form of 2- methylcitrate   FIG. 3 . Fed-batch growth and amino acid secretion by B. methanolicus strains with glutamate feeding. Cells were grown in 14-liter bioreactors at 50°C in MVcMY medium and with methanol, glutamate, and methionine feeding. Samples were removed throughout the growth phase for OD 500 measurements and analyzed for amino acid content. (A) NCS-L-7 (with glutamate and methionine feeding), (B) NOA2 (with glutamate and methionine feeding), (C) NOA2 (without glutamate or methionine feeding). Glutamate, छ; L-lysine, ᮀ; aspartate, ‚; cell dry weight, s. . glutamicum, and Sus scrofa indicating conserved helical regions that contribute to thermostability. Sequences were aligned with Clustal W. Secondary structure was assigned based on the alpha-helices from pig heart (Sus scrofa) enzyme. ‫,ء‬ residues identical in all sequences; colon, conserved substitution of residues; period, semiconserved residues. Boxed amino acids represent the five ion pair network identified in P. furiosus. synthase induced in E. coli when grown on propionate (17) . The structural basis for the thermostability of CS activity is known better than for any other protein. The crystal structures of CS have been determined and compared for organisms capable of growth over a very wide range of temperatures, from the Antarctic bacterium Arthrobacter sp. strain DS2-3R (maximum growth at 30°C) (42) , mesophilic organisms such as chicken and porcine heart (37°C), thermotolerant organisms such as Thermoplasma acidophilum (55°C) (28) , and the extreme thermophiles Sulfolobus solfataricus (88°C) (8) , and Pyrococcus furiosus (100°C) (28) .
The greater complementarity of the helical sandwich of four antiparallel pairs of helices at the subunit interface contributes to CS thermostability, as do shorter surface loops, reduction in internal cavities, and reduction in cysteine, methionine, asparagine, and glutamine residues (10) . Protein analysis with Clustal W matched the deduced citY gene product to the highly conserved CS motif pattern G-
-R previously identified in the ctsA gene cloned from another thermotolerant gram-positive bacterium, Bacillus coagulans (45) . This motif is also present in both isozymes of CS from B. subtilis, CitZ and CitW, and the CS sequences from Mycobacterium smegmatis, Corynebacterium glutamicum, and porcine heart (Fig. 4) . The regions of secondary structure found to be important in CS stability in the porcine heart protein can be used to identify similar alphahelical regions in citY and citZ that may contribute to thermostability. The boxed regions in Fig. 4 depict identical amino acid residues within the helix. The residues within the G and M helices of citY and citZ were all conserved with the exception of the following: in helix G, Thr 96 and Ile 98 in citZ were replaced with Ser 96 and Val 98 in citY. In helix M, only one residue is not conserved; Ile 206 in citZ is replaced with Val 206 in citY. The substitution of these amino acids may play a role in the thermostability of the B. methanolicus CSII activity in vivo compared to in vivo B. subtilis CSII activity.
In vivo CSII activity is important in regulating pyruvate and oxaloacetate levels, which are important branch point intermediates in the synthesis of aspartate (see Fig. 1 ). In B. subtilis (5, 36) , the major route for aspartate synthesis involves the carboxylation of pyruvate to oxaloacetate by PC and subsequent transamination to aspartate catalyzed by glutamate:oxaloacetate transaminase. Wild-type strains of B. methanolicus lack phosphoenolpyruvate carboxylase activity, and the function of PC under normal growth conditions is anaplerotic, providing oxaloacetate, the substrate for CS. The affinities of PC and pyruvate dehydrogenase for pyruvate (K m values of 0.23 mM and 0.40 mM, respectively) are in the same range (19, 41) . Both enzymes catalyze metabolically irreversible reactions, and the K m values for their reactants are much lower (70-and 150-fold, respectively) than for their products (19, 30) .
Glutamate:oxaloacetate transaminase and CS both consume oxaloacetate and thus represent another pair of enzymes in central metabolism that catalyze opposing reactions. Glutamate:oxaloacetate transaminase catalyzes a near-equilibrium reaction (27) , and the reported K m values of the B. subtilis glutamate:oxaloacetate transaminase for aspartate (3.0 mM) and oxaloacetate (2.0 mM) are similar (5, 36) . Flux through a near-equilibrium reaction is controlled by changes in substrate and product concentration. CS catalyzes a metabolically irreversible reaction and is thus nearly unaffected by changes in substrate and product concentrations. CS has a much lower K m for oxaloacetate (0.03 mM, 25 mM) than glutamate:oxaloacetate transaminase, indicating that cellular carbon is preferentially converted to citrate by CS rather than to aspartate by glutamate:oxaloacetate transaminase. In order to increase the level of secreted L-lysine, it will be important to prevent a majority of carbon from the RuMP cycle from entering the TCA cycle, leading to a high intracellular concentration of glutamate, which leaks out of the cells. Interestingly, despite a threefold-elevated PC activity, the oxaloacetate level in the L-lysine-plus glutamate-overproducing B. methanolicus mutant 13A52-8A66 was similar to that of the wild-type strain (Tables 2 and 3 ). However, the ability of the mutant strain to overproduce L-lysine indicates that certain L-lysine biosynthetic genes are deregulated, causing a drain of both aspartate and oxaloacetate in this direction. Besides, the secretion of glutamate in the L-lysine-secreting mutant strain indicates that CS converts a considerable portion of oxaloacetate to citrate. Moreover, the much higher oxaloacetate concentration compared to the aspartate concentration in 13A52-8A66 correlates with the observed low glutamate:oxaloacetate transaminase activity (threefold lower than the wild type), suggesting that this enzyme may represent a bottleneck for Llysine overproduction in B. methanolicus.
In C. glutamicum, inactivation of PC led to 60% reduced lysine production, whereas overexpression of this gene in a C. glutamicum L-lysine-overproducing mutant resulted in 50% higher production of this amino acid (37) . These experiments demonstrate the importance of efficient generation of aspartate for obtaining high-level L-lysine synthesis. An alternative approach to raising aspartate levels would be to introduce a glyoxylate shunt into B. methanolicus. This organism does not grow or grows very poorly on acetate (4), which suggests that it may be similar to B. subtilis in lacking the enzymes for conversion of isocitrate to malate and succinate (50) . A functional glyoxylate shunt would regulate isocitrate levels and may reduce intracellular 2-oxoglutarate accumulation by drawing off oxaloacetate via transamination to aspartate.
Two important observations were evident as a result of measuring the intracellular enzyme specific activity of B. methanolicus enzymes involved in this pathway. First, B. methanolicus has low 2-oxoglutarate dehydrogenase activity, confirming previous reports describing that the TCA cycle in methylotrophic bacteria may have a minor role in energy metabolism. Second, the CS activity level in the L-lysine-plus glutamate-overproducing mutant 13A52-8A66 was greater than twofold higher than in the wild-type strain. Based on these observations, further investigations may focus on altering the regulation of CS, together with increasing the activity of glutamate:oxaloacetate transaminase and PC, in order to increase the flux of carbon from pyruvate into L-lysine biosynthesis in B. methanolicus.
